Meniscus injuries are among the most common orthopedic injuries. Tears in the inner one-third of the meniscus heal poorly and present a significant clinical challenge. In this study, we hypothesized that progenitor cells from healthy human articular cartilage (chondroprogenitor cells [C-PCs]) may be more suitable than bone-marrow mesenchymal stem cells (BM-MSCs) to mediate bridging and reintegration of fibrocartilage tissue tears in meniscus. C-PCs were isolated from healthy human articular cartilage based on their expression of mesenchymal stem/progenitor marker activated leukocyte cell adhesion molecule (ALCAM) (CD166). Our findings revealed that healthy human C-PCs are CD166+, CD90+, CD54+, CD106-cells with multilineage differentiation potential, and elevated basal expression of chondrogenesis marker SOX-9. We show that, similar to BM-MSCs, C-PCs are responsive to the chemokine stromal cell-derived factor-1 (SDF-1) and they can successfully migrate to the area of meniscal tissue damage promoting collagen bridging across inner meniscal tears. In contrast to BM-MSCs, C-PCs maintained reduced expression of cellular hypertrophy marker collagen X in monolayer culture and in an explant organ culture model of meniscus repair. Treatment of C-PCs with SDF-1/CXCR4 pathway inhibitor AMD3100 disrupted cell localization to area of injury and prevented meniscus tissue bridging thereby indicating that the SDF-1/CXCR4 axis is an important mediator of this repair process. This study suggests that C-PCs from healthy human cartilage may potentially be a useful tool for fibrocartilage tissue repair/regeneration because they resist cellular hypertrophy and mobilize in response to chemokine signaling.
INTRODUCTION
Meniscus injury is the second most common sports related knee injury [1] . Specifically, inner meniscal tears (white-white zone tears) present a significant clinical challenge because this area of tissue is avascular and consists of fibrocartilage that is sparse in cell number and capable of little to no healing [2] . Current clinical strategies for treating such injuries are limited to meniscectomy or resecting the area of damage in order to reshape it and remove tattered tissue [3] . Unfortunately, both treatment options are reported to be significant risk factors of osteoarthritis (OA) development [4] . Prospective cell-based repair strategies have recently come to the forefront of meniscal injury research with the hopes of achieving better tissue repair in comparison to currently practiced clinical treatment strategies [5, 6] .
Meniscus tissue injury repair using progenitor/stem cells is a topic of research that is being actively investigated. Many tissue specific mesenchymal stem cell (MSC) sources (including bone marrow, fat, synovium, and meniscus itself ) are being examined to identify the benefits associated with the usage of each in meniscus tissue repair [5, [7] [8] [9] [10] . However, it can be argued that native progenitor cells residing in cartilaginous and fibrocartilaginous tissues are the likeliest of candidates to best fit this specialized role. For example, cells such as MSCs from bone marrow, synovium, and adipose tissue, which are also in consideration for fibrocartilage tissue repair do not have the advantage of coming from a similar biological microenvironment as the tissue which these cells are being used to repair. In this regard, articular cartilage-derived progenitor cells, which were first identified in 2004 [11] , exist in a very similar biological milieu (i.e., cartilaginous microenvironment) that warrants their investigation in cell-based meniscal fibrocartilage repair. These cartilage progenitor cells (C-PCs) are reliably and easily distinguishable from mature articular chondrocytes based on their cell surface marker profile. Although cartilage-derived progenitors are a small population of cells [11] , it may be feasible to isolate them for therapeutic use from non-weight-bearing areas of articular cartilage (i.e., linea terminalis and intercondylar notch) followed by in vitro expansion, akin to the strategy implemented during autologous chondrocyte implantation (ACI) [12] .
In the present study, we generate clonal (pure and single cell derived) articular C-PC lines from young healthy human cartilage to characterize the heterogeneity of these progenitors. We use the most chondrogenic line to demonstrate for the first time that C-PCs can stimulate union of meniscus tissue tears. We report that C-PCs promote proliferation of native tissue meniscocytes and maintain significantly lower hypertrophy marker expression during meniscus tissue repair when compared with bone-marrow mesenchymal stem cells (BM-MSCs). This study provides first-time evidence that C-PCs can achieve bridging and integration of torn fibrocartilaginous tissue that make up the inner meniscus. Furthermore, it demonstrates that C-PCs will mobilize in response to stromal cell derived factor-1 (SDF-1), similar to BM-MSCs, and that inhibiting the SDF-1 receptor (CXCR4) in C-PCs adversely affects their ability to mediate tissue integration and repair in explant culture.
MATERIALS AND METHODS

Human Cartilage Progenitor Cell Isolation and Generation of Clonal Cell Lines
Human tissue was obtained with approval from the Rhode Island Hospital Institutional Review Board. Healthy knee articular cartilage was obtained from an 18-year-old female patient undergoing an amputation. Healthy cartilage was also obtained from viable graft tissue from a 24-year-old male. Cartilage tissue was brought to the laboratory within the hour, washed thoroughly in 1× Hanks' balanced saline solution (HBSS) and diced into very small pieces. The cartilage pieces were digested with Pronase (Roche, Indianapolis, IN; 2.0 mg/ml in 1× HBSS) for 30 minutes at 37 C in a shaking water bath. Cartilage pieces were washed in 1× HBSS and further digested using type IA Crude Bacterial Collagenase (Sigma-Aldrich, St. Louis, MO; 1.0 mg/ml) for 8 hours at 37 C in a shaking water bath. Cells were passed through a nylon cell strainer (100 μm pore size) to remove undigested tissue. Cells were washed three times in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (FBS) (Dulbecco's modified Eagle's medium [DMEM]+). Enrichment of progenitor cells was achieved through fibronectin (FN) adhesion similar to previously described methods [13, 14] . A sterile 60 mm plastic petridish was immobilized with recombinant FN protein (10 μg/ml; PeproTech, Rocky Hill, NJ) in 0.1 M phosphate buffered solution (PBS) supplemented with 1.0 mM MgCl, 1.0 mM CaCl 2 . Cells were seeded at low density onto the plate and placed in a 37
C cell incubator for 20 minutes. Cells that remained nonadherent to the plate in this time were washed away with 1× HBSS. Adherent cells were cultured in DMEM+. Single cells that formed a colony consisting of ≥32 cells within 10 days were individually isolated using cloning cylinders and replated separately. These individual colonies were grown for 1 week. Colonies were treated with pRetro-E2 SV40 (Applied Biological Materials Inc., Richmond, BC, Canada), according to the manufacturer. Four individual colonies (C-PC lines [CPCL]2, CPCL3, CPCL4, CPCLA1) were successfully immortalized becoming clonal C-PC lines. Cell lines and primary C-PCs were cultured and maintained in DMEM with 10% FBS, 1% Pen Strep, 100 mM HEPES, 2 mM L-glutamine, 0.1 mM ascorbic acid, 0.1 mM sodium pyruvate, and 2.7 μM L-glucose (DMEM++).
Explant Meniscus Repair Culture Conditions
Three-month-old Lewis rats were euthanized in accordance with approvals from the Institutional Animal Care and Use Committee of Rhode Island Hospital. Menisci were isolated using sterile tools, rinsed with sterile PBS, and cultured in DMEM++ in a 37 C cell incubator for 24-48 hours prior to experiments. For explant repair experiments, at least three menisci were used per experimental group. A radial tear was created in the inner anterior horn and each menisci was placed into a 96-well culture plate. Torn menisci were treated by coculturing with 1.0 × 10 5 healthy human primary BM-MSCs (ATCC, Manassas, VA), CPCL3, primary C-PCs, or no cell (control group). All cells were fluorescently labeled with Vibrant Dil Cell Labeling Solution (ThermoFisher Scientific, Waltham, MA) according to the manufacturer. In experiments involving SDF-1, menisci were pretreated with SDF-1 recombinant protein (200 ng/ml; PeproTech Inc.) for 15 minutes followed by treatment with 1.0 × 10 5 fluorescently labeled CPCL3 cells. Images were taken 3, 5, 10, 17, and 20 days after treatment using a Nikon Eclipse TS2 microscope. Gene expression analysis was conducted using mRNA collected from 20 day samples.
C-PC/BM-MSC Conditioned Media Experiments
To obtain conditioned medium, C-PCs and BM-MSCs were seeded (1.0 × 10 5 cells/well) into 6-well plates and cultured in DMEM++ (2 ml per well). Cells were cultured for 4 days in a 37 C cell incubator. Medium was collected, centrifuged (1,700 rpm, for 5 minutes) and supernatant was used as conditioned media. Meniscocytes were isolated from rat menisci from 3-month-old Lewis rats. Menisci were diced into small fragments, digested with Pronase (Roche; 2.0 mg/ml in 1× HBSS) for 30 minutes at 37 C in a shaking water bath, washed in 1× HBSS and further digested using type IA Crude Bacterial Collagenase (Sigma-Aldrich; 1.0 mg/ml) for 8 hours at 37 C in a shaking water bath. Cells were passed through a nylon cell strainer (100 μm pore size) to remove undigested tissue. Meniscocytes were expanded in DMEM++ in a 37 C cell incubator prior to experiments. Meniscocytes were seeded www.StemCells.com 4 cells/well) into a 12-well plate. After 24 hours, media was changed to 600 μl of conditioned media from BM-MSC, CPCLA1, CPCL3, or unconditioned DMEM++ media (control). Cells were cultured for 6 days and cell numbers were quantified using a hemocytometer. Images were taken using a Nikon Eclipse TS2 microscope.
Tissue Immunohistochemistry and Staining
Human articular cartilage tissues and rat meniscal tissues were fixed in formalin solution for 72 hours, and placed in 70% ethanol solution for 24 hours. Rat meniscal tissues were also decalcified in 10% EDTA solution for 24 hours. Tissue was embedded in paraffin and sections (4.0 μm thick) were mounted onto glass slides, cleared using xylene, and gradually rehydrated. Antigen retrieval was performed on slides using sodium citrate buffer (10 mM sodium citrate and pH 6) at 100 C for 20 minutes. Slides were cooled and rinsed in distilled water to remove citrate solution. Slides were blocked using Super Block (ThermoFisher Scientific) for 1 hour at room temperature. Slides were stained with a monoclonal mouse antibody (1: Abcam) was also used to stain sections according to the manufacturer. For slides stained with hematoxylin and eosin (H&E), sections were cleared and rehydrated followed by staining with H&E, according to standard protocols. Sections were then dehydrated gradually and mounted for imaging. All images were acquired using a Nikon Eclipse 90i Digital Imaging System.
Messenger RNA Expression Analysis
Real-time quantitative polymerase chain reaction (RT-qPCR) was used to quantify mRNA expression levels. Forward and reverse primer sequences corresponding to each tested gene are listed in Table 1 . Total mRNA was isolated from tissue and/or cells via RNAqueous Kit (Ambion, Austin, TX) according to manufacturer. Messenger RNA was reverse transcribed into cDNA using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) according to the manufacturer. Messenger RNA levels were calculated using the delta delta Ct (ΔΔCt) method and normalized to one of two house-keeping genes (ribosomal RNA 18S or beta-actin). X = 2 
Cell Surface Marker Analysis
Cell surface markers were analyzed by flow cytometry. Antibodies preconjugated with dye were used. CD54(PE), CD90 (FITC), CD106(APC), CD166(APC), and IgG isotype control antibodies were purchased from Miltenyi Biotec Inc., San Diego, CA. Cells (1.0 × 10 6 ) were detached, washed in 5 ml of 1× PBS, spun down in a centrifuge at 300g and resuspended in 100 μl of buffer (1× PBS, 0.5% bovine serum albumin, and 2 mM EDTA). Preconjugated antibody (10 μl) was added, mixed gently, and incubated with the cells in the dark at 4 C for 10 minutes. Excess antibody was washed off with 1.0 ml of 1× PBS. Stained cells were resuspended in 500 μl of buffer and analyzed using Accuri C6 Flow Cytometer (BD Biosciences, San Jose, CA).
Stem Cell Differentiation Analysis
The chondrogenic, adipogenic, and osteogenic differentiation capacities of clonal cartilage-derived stem cell lines were analyzed in vitro. Cells were seeded at a density of 1.0 × 10 4 cells/well in 12-well plates. Each well received 1.0 ml of cell suspension at the beginning of each differentiation assay. For chondrogenesis assay, cells were cultured in serum free chondrogenesis medium or DMEM++ (growth medium control group), for 10 days and 21 days. Chondrogenesis medium consisted of high-glucose DMEM supplemented with 40 mg/ml L-proline, 100 nM dexamethasone, 50 mg/ml ascorbic acid, 1% Gibco Insulin Transferrin Selenium premix (ThermoFisher Scientific), 10 ng/ml TGF-β3 (PeproTech Inc.) [15] . Medium was freshly changed every 72 hours. At the time of analysis, wells were washed with 1× PBS and fixed with ice cold methanol for 10 minutes at −20 C. Methanol was removed and cell monolayers were gently washed with distilled water. Alcian blue (0.2% solution, in 0.1 M HCl, pH 1.0) was added (0.5 ml) to each well and incubated overnight at room temperature. After incubation, Alcian blue solution was removed and the cell monolayers were gently washed once with 0.1 M HCl and three times in distilled water. Stained cell monolayers were imaged using a Leica MZ6 dissecting microscope. Staining intensities were quantified by extracting the color from stained monolayers by incubating with 300 μl of 6 M GuHCl overnight at room temperature under gentle shaking conditions. One hundred microliters of extracted color solution from each well was used to quantify staining via microplate reader. For adipogenesis assay, cells were cultured in Stempro Adipogenesis differentiation media (Life Technologies, Grand Island, NY) or DMEM++ (growth medium control group), for 21 days. Medium was freshly changed every 72 hours. At the time of analysis, wells were washed with 
Western Blot Analysis
Total protein was extracted from BM-MSCs and CPCL3 cell line (50,000 cells/well) using 1× RIPA buffer containing 1 mM PMSF (Cell Signaling Technology, Danvers, MA). BM-MSCs and nCPCL3 were washed with sterile cold PBS. The lysis extract was collected and centrifuged at 12,000 rpm for 10 minutes at 4 C. The concentration of total protein supernatant was determined using Pierce BCA Protein Assay kit (ThermoFisher Scientific), according to the manufacturer. Then, 3× blue loading buffer containing DTT, reducing agent (Cell Signaling Technology) was added in equal proportion and mixed in the protein. The sample was boiled for 10 minutes at 95 C. Equal amounts of protein were resolved on 4%-15% Mini-PROTEAN TGX Precast Gels (Bio-Rad). Blots were transferred to PVDF membrane (Bio-Rad) overnight at a constant voltage of 22 V. The membrane was blocked for 1 hour at room temperature with 5% Nonfat Dry Milk (Cell Signaling Technology) in TBST (0.1%). The membrane was incubated at 4 C overnight with specific primary antibodies, Col X (Abcam) and β-Actin (Cell Signaling Technology) at 1:500 dilution and 1:1,000 dilution, respectively. Secondary antibodies IRDye 800CW Goat anti-rabbit (diluted 1:5,000) and IRDye 680RD Goat anti-mouse (diluted 1:5,000; LI-COR Biosciences, Lincoln, NE) were used by incubating with membrane for 2 hours at room temperature. Membranes were imaged using an Odyssey fluorescence scanner (LI-COR Biosciences).
Statistics
Statistical analysis using a Student's t test was performed on experiments containing two groups, or experiments that compared each experimental group to a single control group. Oneway analysis of variance (ANOVA) and post hoc analysis (Dunnett's Multiple Comparison test or Tukey test) was used when analyzing data from experiments with more than two experimental groups that required comparisons between every group. N ≥ 3 for all experiments. Error bars illustrate AE1 standard deviation of the mean. A p-values smaller or equal to .05 was considered statistically significant.
RESULTS
Stable Human C-PC Lines Retain Chondroprogenitor Cell Properties
Healthy articular cartilage contains a sparse population of C-PCs [11, 13] . We sought to generate clonal human C-PC lines that can be used for molecular characterization and (potentially) tissue repair. Mesenchymal stem/progenitor cell marker activated leukocyte cell adhesion molecule (ALCAM) (CD166) has previously been used to distinguish progenitor cell populations from mature chondrocytes in healthy adult articular cartilage [16] . Staining for CD166 with a fluorescent antibody allows visualization of C-PCs in healthy human femoral condyle cartilage tissue (Fig. 1A) . Human articular cartilage was digested to release resident cells and these cells were sorted using an antibody against CD166, similar to previously described methods [14] . Primary C-PCs (CD166+ cells) were compared with primary mature chondrocytes (CD166-cells) by means of mRNA expression analysis. C-PCs exhibited elevated basal mRNA expression levels of FN receptor (ITGA5) in comparison to chondrocytes (Fig. 1B) . Chondrocyte transcription factor SOX9 and cartilage proteoglycan protein aggrecan (ACAN) mRNA levels were decreased in C-PCs, relative to chondrocytes (Fig. 1B) , whereas fibrochondrocyte marker type I collagen (COL1A1) mRNA expression levels were increased in C-PCs. Primary C-PCs expressed MSC surface markers CD90, CD166, and the chondrocyte marker CD54 (Fig. 1C) . Primary C-PCs did not express vascular cell adhesion protein VCAM1 (CD106), confirming that they are not endothelial cells.
Considering their elevated ITGA5 expression, primary heterogeneous C-PCs were enriched through differential adhesion to FN as previously described [11] . Individual C-PCs isolated in this manner were clonally expanded and stabilized using retroviral Large T antigen to generate single cell-derived lines. Four different single cell derived C-PC lines (CPCL) were successfully generated (Fig. 2) . Relative mRNA expression of FN receptor ITGA5, chondrogenesis transcription factor SOX9, fibrochondrocyte marker collagen I (COL1A1), and chondrocyte hypertrophy marker collagen X (COL10A1) were quantified across the C-PC lines by RT-PCR. Primary BM-MSCs and primary chondrocytes were used as controls. CPCL2, CPCL3, and CPCL4 exhibited the highest expressional fold change (eightfold, ninefold, and eightfold, respectively) of ITGA5 relative to chondrocytes (Fig. 3A) . SOX-9 mRNA expression level was highest in chondrocytes with CPCL3 coming in second highest, suggesting that it is the line that is most committed to the chondrocyte lineage (Fig. 3B) . Indeed, CPCL3 exhibited nearly twofold higher expression of SOX9, compared with the BM-MSC group. Fibrochondrocyte marker COL1A1 expression was highest in BMMSCs (Fig. 3C) . However, all C-PC lines exhibited higher COL1A1 levels than the chondrocyte group (Fig. 3C) . Finally, hypertrophy marker COL10A1 was lowest in CPCL2, CPCL3, and CPCL4 (<0.25-fold, relative to the chondrocyte group; Fig. 3D ). COL10A1 expression was highest in the BM-MSC group (>20-fold, relative to the chondrocyte group). Although these results demonstrate heterogeneity across the generated lines, all lines strictly exhibited higher expression levels of fibrochondrocyte marker COL1A1 than mature chondrocytes. All cell lines also exhibited lower expression of hypertrophy marker COL10A1 than mature chondrocytes and BM-MSCs. These two features were primary motivations for us to test the repair capacity of C-PCs in meniscus tissue, which has high collagen I content.
Cell Surface Marker Profile and Differentiation Capacity of Human C-PC Lines were used to conduct this validation. We specifically selected these two clones because of their different expression of chondrogenesis regulator SOX9. We confirmed that CPCLA1 and CPCL3 were both largely positive for CD90 (Fig. 3E) , similar to primary CPCs (Fig. 1C) . However, CPCL3 contained noticeably fewer CD90+ cells (~55%) than did CPCLA1 (~80%). CPCLA1 and CPCL3 both stained positively for CD166 and negatively for endothelial marker CD106 (Fig. 3E) . Overall, these findings suggest that generated C-PC lines exhibit a cell surface marker profile that is largely consistent with that of primary C-PCs shown in Figure 1C .
CPCLA1 and CPCL3 were used to characterize the differentiation capacities of stable C-PC lines. CPCLA1 and CPCL3 were both capable of chondrogenic differentiation as demonstrated by positive Alcian blue staining for proteoglycan deposition following culturing in chondrogenesis medium (Fig. 4A, 4B ). In both cell lines, Alcian blue staining intensities increased from day 10 to day 21 of culture in chondrogenesis medium. At day 21, CPCL3 exhibited the formation of deeply blue stained chondrogenic nodules, as indicated by black arrowheads (Fig. 4A, bottom right panel) , which was indicative of enhanced proteoglycan accumulation. Alcian blue staining intensities were elevated sixfold in CPCL3, following 21 days of culturing in chondrogenesis medium in comparison to the threefold (only) increase that was observed in CPCLA1 (Fig. 4B) . Relative mRNA expression of chondrocyte marker COL2A1 was observed to be significantly elevated by six-to eightfold in both cell lines during chondrogenesis induction (Fig. 4C) .
Both cell lines were demonstrated to be capable of adipogenic differentiation; however, this capacity seemed significantly higher in CPCLA1 (Fig. 4D, left panels, 4E ). Oil Red O staining for lipid accumulation demonstrated that CPCLA1 and CPCL3 produced lipid droplets following 21 days of culture in adipogenesis medium (Fig. 4D, left panels) . Quantification of lipopolylipase (LPL) mRNA revealed that CPCLA1 exhibited significantly greater expression of LPL (60-fold increase) following 5 days of culture in adipogenesis medium, whereas CPCL3 only exhibited a 3.5-fold elevation of LPL under the same conditions (Fig. 4E) .
Both cell lines were also demonstrated to be capable of osteogenic differentiation as indicated by staining and mRNA quantification of alkaline phosphatase (Fig. 4D, right panels,  4F ). However, CPCL3 exhibited lower osteogenesis potential compared with CPCLA1, based on staining analysis. Alizarin red staining for mineralization following 21 days of culture in osteogenesis medium demonstrates that staining intensities were greatly reduced in CPCL3, indicating that this line has a low propensity for ossification in comparison to CPCLA1 (Fig. 4D,  right panels) . 
Chondroprogenitors from Human Articular Cartilage Promote Meniscal Fibrochondrocyte Proliferation and Tissue Integration
To examine the reparative capabilities of articular cartilage derived chondroprogenitor cells, we created a radial tear in the white-white (ww) zone of rat menisci and treated them with fluorescently labeled CPCL3 (1.0 × 10 5 ) in an explant culture system (Fig. 5A , 5B). CPCL3 was specifically selected for this treatment for several reasons. CPCL3 has reduced osteogenic potential (Fig. 4D ) and high expression of chondrogenesis marker SOX9 (Fig. 3B) , in comparison to CPCLA1. Furthermore, treatment of murine (rat) meniscal fibrochondrocytes with conditioned media from CPCL3 induced greater than 100% increase in fibrochondrocyte proliferation, whereas BM-MSCs and CPCLA1 each induced 60% increase (Supporting Information Fig. S1 ). As such, it was hypothesized that CPCL3 exhibited the most suitable biological repertoire and stimulated paracrine effects on the local meniscus fibrochondrocyte cell population to be most conducive to meniscal tissue repair/regeneration. CPCL3 treatment resulted in reintegration of the torn tissue within 25 days, whereas this was not observed in the untreated control group (Fig. 5A) . Subsequent histological analysis revealed that CPCL3 treatment resulted in matrix bridging and tissue integration along the tear channel as indicated by Masson's Trichrome staining and Picro Sirius Red staining for collagen networks, respectively (Fig. 5B, 5D ). Control menisci that were not treated with cells exhibited no signs of tissue integration as these tear channels remained opened.
Time lapse images taken at 3 days, 10 days, and 20 days after treatment show fluorescently labeled CPCL3 progressively filling a longitudinal meniscal tear by day 20 in explant culture (Fig. 5C ). Control menisci treated with fluorescently labeled BM-MSCs were incapable of completely filling the defect within the same time period. It was confirmed that treatment with primary C-PCs (not cell line) would also achieve defect filling within 20 days (Fig. 5G) . Quantification and analysis of human mRNA transcripts indicated that human COL1A1 expression in CPCL3 and primary BM-MSCs did not significantly differ (Fig. 5E) . However, human COL10A1 mRNA levels were significantly elevated (>55-fold) in BM-MSCs, compared with CPCL3. These findings demonstrate that in comparison to BMMSCs, human cartilage derived chondroprogenitors maintain significantly lower expression of type X collagen (a marker of cellular hypertrophy and prelude to endochondral ossification) during meniscus tissue repair. Additionally, basal type X collagen protein levels were measured between CPCL3 and BM-MSCs (Fig. 5F) . Results indicated that BM-MSCs produce consistently higher levels of type X collagen protein, relative to CPCL3, thereby validating our findings at the protein level and further suggesting that C-PCs resist cellular hypertrophy and terminal differentiation.
Chondroprogenitor Cell Migration Via SDF-1/CXCR4 Axis Is Required to Successfully Fill Meniscus Tissue Tears
In order to understand the mechanism underlying the ability of C-PCs to efficiently migrate into and fill a meniscus tear, we investigated the involvement of stromal derived factor-1 (SDF-1) pathway in C-PC migration. SDF-1 is a chemokine secreted by damaged tissues that binds the CXCR4 receptor on target cells and mediates their migration to the site of injury [17, 18] . As such, SDF-1 expression has been reported previously to be elevated in damaged meniscal tissues [19] . Inhibition of SDF-1 receptor CXCR4 has been reported to impede the homing of meniscus derived MSCs to regions of injury [19] . We first tested whether C-PCs, like BM-MSCs, are capable of migration in response to SDF-1 using a transwell assay. Both tested clonal C-PC lines CPCLA1 and CPCL3 migrated toward SDF-1 and exhibited approximately 60% increase in the number of migrated cells in the SDF-1 (200 ng/ml) containing bottom well (Fig. 6A) . The proportion of migrating cells was comparable to that observed in the BM-MSC control group, which exhibited a 40% increase in migration toward the SDF-1 containing bottom well.
To better understand the role of SDF-1/CXCR4 activity in meniscus tissue repair, a radial tear was created in the ww zone of rat menisci. These menisci were either pretreated in explant culture with recombinant human SDF-1 protein, or treated with SDF-1/CXCR4 pathway inhibitor AMD3100. Each meniscus was then treated with 1.0 × 10 5 fluorescently labeled CPCL3 and the tears were imaged at multiple time points (Fig. 6B, 6C ). It was demonstrated that pretreatment with recombinant SDF-1 protein led to better cell deposition onto the meniscus and along the banks of the tear channel in a linear orientation, as indicated by fluorescence imaging. This cell deposition ultimately resulted in complete filling of the tear channel within 17 days following treatment with CPCL3 (Fig. 6B) . On the other hand, AMD3100 treatment interfered with cellular deposition as less fluorescent signal was observed on the meniscus and along the meniscal tear channel (Fig. 6C) . Ultimately, AMD3100 treatment prevented complete filling of the meniscus as the mouth of the radial tear remained visibly opened even after 20 days following treatment with CPCL3 (Fig. 6C) . Additionally, AMD3100 treated samples exhibited unorganized CPCL3 aggregations that did not localize to the region of damage. These menisci showed evidence of impaired tear channel bridging. Taken together, these results indicate that intact SDF-1 chemokine pathway signaling is necessary to facilitate complete filling of meniscal tissue tears by C-PCs.
DISCUSSION
Articular C-PCs are sparse proliferative progenitors with multilineage differentiation potential [11] . These cells have been reported to have the ability to migrate to areas of cartilage distress/injury [20] . Given their specific tissue microenvironment, it has been previously proposed that these progenitors are primed for cartilaginous tissue repair and regeneration [21] . Although this is the inferred biological niche of C-PCs, the use of C-PCs in articular cartilage tissue repair needs to be further explored. No prior study has investigated the reparative capacity of C-PCs in the meniscus, which also consists of cartilaginous and fibrous tissue. Indeed, the most investigated cell-based meniscus repair strategies involve the use of stromal cells from the bone marrow to aid in the natural meniscal healing response [22] . BMMSCs are capable of homing in and migrating to areas of injury and promoting tissue repair [23] . However, a reported limitation of utilizing BM-MSCs for cartilaginous tissue regeneration and repair is their propensity for hypertrophy during the chondrogenesis program [24] [25] [26] [27] [28] . The use of BM-MSCs alone for cell-based meniscus repair has been reported to have similar limitation [26] . Although it has been reported that coculturing meniscus derived progenitor cells with BM-MSCs in a specific ratios can reduce the expression of hypertrophy markers [26] , this solution requires extraction of cells from the meniscus itself, which may be considered counterproductive. The use of alternative cell sources that are inherently less susceptible to hypertrophy and ossification may offer a simpler strategy.
In this study, we examined the heterogeneity of healthy human C-PCs by characterizing mixed primary C-PCs as well as different C-PC lines generated from individual cells representing pure clonal populations. We demonstrated that the generated cell lines do not significantly deviate from primary cells as they maintained a similar cell surface marker profile, mRNA expression profile, and retained the plasticity to differentiate along multiple cell lineages. We also demonstrated that human C-PCs can be distinguished from mature human chondrocytes based on their prominent expression of established MSC surface markers CD90 and CD166. Molecular characterization of C-PCs also confirmed that they express higher levels of the FN receptor ITGA5 and type I collagen as well as lower expression of chondrocyte markers SOX9 and aggrecan. Flow cytometry analysis confirmed that the collected primary healthy human C-PC was not contaminated with any cells of endothelial origin during isolation since CD106 expression was not observed. Although the cell surface marker profiles of primary healthy human C-PC and primary healthy human BM-MSCs were similar (i.e., CD90+, CD166+, and CD106−), C-PCs were largely positive for CD54, which has been previously shown to be expressed by mature human chondrocytes [14, 29, 30] .
Our findings demonstrated that the clonal cell lines we generated in order to further study C-PCs in healthy human cartilage exhibited similar cellular and molecular properties as primary heterogenous (mixed population) C-PCs. Basal mRNA quantification and analysis revealed for the first time that unlike progenitors found in OA patient cartilage [14] , every clonal C-PC line that came from healthy human cartilage exhibit significantly lower expression of type X collagen in comparison to BM-MSCs, which are currently the most commonly used MSCs in animal models of cell-based cartilage and meniscus repair [6] . This finding, in combination with our finding that C-PC lines exhibit higher expression of type I collagen than mature chondrocytes, became our primary motivation for testing the efficacy of C-PCs in meniscus tissue repair. Type I collagen is the primary building block of the meniscal extracellular matrix network and accounts for approximately 90% of its dry weight [31] .
When we tested the reparative capacity of C-PCs, our results demonstrated that they can initiate reintegration of a meniscus tissue tear in explant culture. Clonal C-PC line CPCL3 and BM-MSCs filled the tear channel with varying degrees of efficiency, with CPCL3 achieving the fastest and most complete filling (within 20 days after seeding). Our study additionally revealed for the first time that C-PCs have a paracrine effect that improves the rate of meniscal fibrochondrocyte proliferation that is comparable (if not better) than the effects of BM-MSCs. Secretion of bioactive factors by C-PCs may play a critical role in mobilizing local cells to help mediate tissue repair. Also much improved in C-PC treated menisci was the significantly lower expression of hypertrophic marker collagen X mRNA level, in comparison to BM-MSC treated menisci. These findings supported our central hypothesis that C-PCs from healthy human cartilage resist cellular hypertrophy.
Both healthy and osteoarthritic cartilage contains progenitor/stem cell populations [11, 32] . It has been previously reported that osteoarthritic cartilage stem/progenitor cells (OASCs) are a population of CD166+ cells that exceedingly express hypertrophic marker collagen X, with respect to BM-MSCs [14] . OASCs also express diminished collagen I, in comparison to mature chondrocytes [14] . Although further comparison between healthy human C-PCs and OASCs is underway, these aforementioned features of OASCs are already in sharp contrast to healthy articular cartilage derived C-PCs. As such, it can be argued that C-PCs are suitable for use in fibrocartilage repair whereas OASCs are not.
A limitation of the present study is the use of stable cell lines because cell lines may deviate from the primary cells that were used to generate them. However, this limitation is not unique to our study as it applies to all studies using cell lines to arrive at a conclusion about the primary cells with which they were generated. We were aware of this limitation and confirmed early in the study that the cell surface profiles of primary C-PCs and stable C-PC cell lines were similar and that no obvious molecular deviations were introduced. By the same token, a notable innovation of the study is that it is the first (to the best of our knowledge) to demonstrate that a progenitor/stem cell line can be used to promote reintegration of meniscal tissue. Since the use of stabilized/immortalized cells for clinical use is well outside current regulatory standards, it is imperative to develop means of isolating and expanding primary C-PCs moving forward.
From a translational perspective, a barrier to the use of CPCs for tissue repair/regeneration is their low natural abundance. C-PCs consist of less than 1% of cells found in healthy articular cartilage [33, 34] . Similarly, BM-MSCs also consist of <1% of all stromal cells in the bone marrow [35] . However, since BM-MSCs can be obtained simply from marrow aspirates, these cells are considered easier to obtain than C-PCs that require extraction from cartilage tissue itself. On the other hand, it can be argued that both stem/progenitor cell types need to be expanded in vitro to generate sufficient cell numbers for cellbased tissue repair applications after isolation. Hence, the true challenge is finding a viable cell source for C-PCs. Using a strategy that is like ACI to isolate C-PCs from nonweight bearing regions of articular cartilage may be a potential avenue to obtain cells for expansion and use in cell-based meniscus repair.
Explant culture systems are inherently devoid of blood circulation. This suggests that initiation of the observed meniscal tissue healing/repair is possible without first forming a blood clot, provided that an influx of stem cells is readily available near the damage site. The present proof of concept study demonstrates the reparative capabilities of C-PC lines on meniscal fibrocartilage. We report for the first time that C-PCs (like BM-MSCs) are capable of migrating to areas of injury where the chemokine SDF-1 is produced [19] . Ablation of SDF-1/CXCR4 signaling by pathway inhibitor AMD3100 prevented complete meniscus integration by C-PCs. This confirmed our hypothesis that SDF-1/CXCR4 axis plays an important role in promoting meniscal tear filling and tissue integration by C-PCs in our ex vivo model. Overall, the present study provides rationale for the future investigation of the use of C-PCs in articular soft tissue repair/regeneration applications.
CONCLUSION
This study demonstrates that clonal progenitor cells isolated from human articular cartilage have the ability to bridge and reintegrate torn meniscal fibrocartilage. These cells can migrate to the area of injury and mediate tissue repair in a manner that relies on SDF-1/CXCR4 chemokine axis activity. The study additionally shows that cartilage-derived progenitors are resistant to mRNA and protein expression of hypertrophic differentiation marker type X collagen, relative to bone-marrow derived MSCs, which is currently the most used cell source for emerging preclinical cell-based connective tissue repair strategies. Overall, this study introduces a novel cellular tool to improve fibrocartilage repair in meniscus tissue.
